comparison study is also carried out with the conventional PEM fuel cell having a serpentine type gas distributor. Results showed a better distribution of reactant species in the case of the perforated type gas distributor.
carried out by researchers during the past decades to investigate and improve the fundamental understanding of complex phenomena related to PEM fuel cell's performance [1, 9] . Bernardi et al. [10] and Springer et al. [11] started to work on one dimensional isothermal numerical models of the PEM fuel cell. Later Newman and Fuller [12] developed a two dimensional model to study the water effects and thermal management related issues of the fuel cell, while Nguyen and White [13] employed a semi analytical solution procedure that included the effect of heat transfer in the fuel cell by prescribing the cell temperature and computing the heat transfer in the gas channels [14] . Baschuk and Kakac [15, 16] studied variable degrees of water flooding in the catalyst layers and electrode backing regions. Wang et al. [17] , Yu and Ferng et al. [1, 18] proposed multi-component two phase transport models of the PEM fuel cell. Wang et al. also [19, 20] worked on a 2D transient numerical model and studied the change of current density with changing cell potential. Wang also extended this work to third dimension and studied the effect of flow channel geometry and layout on the over all performance [6, 19] . This paper primarily focuses on design, validation and performance analysis of a PEM fuel cell with novel design concept of a stainless steel made perforated type gas flow channel (meshed plate) instead of the conventional graphite made fuel cell gas flow channels such as parallel, spiral or serpentine shape. For the conventional gas flow channels, significant efforts and accuracy are required to machine and manufacture, depending on the complexity of the gas channel design topology, while the perforated type gas flow channel (Figure-01) are readily available in the market and can be customized according to the required design of the fuel cell. This design approach is more compact than the standard graphite-made gas flow channels due to the thickness and robustness of the stainless steel plates under machining and operating conditions. Moreover; in this design approach, membrane and stainless steel electrodes can be assembled as a single sealed unit that makes it simple and easy to replace in the case of any fault (Figure 1 ). The main objective of this research work is to simplify the design of the PEM fuel cell by optimizing the thermo-fluid properties of the reactant fluid flow along its domain, instead of dealing with the complex electro-chemical properties of the membrane electrode assembly of the PEM fuel cell. Around 50% increase in the performance has been reported just by the appropriate distribution of the reactant species along the fuel cell domain [21] . Detailed numerical analyses are carried out to explore the insight of this new design concept, which are presented in the following sections.
MODEL DESCRIPTION
A PEM fuel cell, with an effective area of 25 cm 2 , based on a stainless steel made perforated type gas flow distributor is used for this study, where hydrogen and oxygen served as fuel and reactant gases respectively. The flow direction of fuel at the anode side is taken opposite to that of the reactant gas at the cathode side. For numerical modelling, a three dimensional (3D) fully coupled numerical model is used, that resolved coupled transport phenomena of PEM fuel cell and accounted for the distributed over-potential at the catalyst layer as well as convention and diffusion of different species in the gas channels and in the porous gas diffusion layer (GDL). Whereas for experimental study the test facility (rig) used, was designed and assembled locally at the 'Energy and Environmental Technology Applied Research Group, Coventry University UK'. Figure 02 shows a schematic over view of 3D-CAD model of this novel PEM fuel cell design, where the fuel cell domain is divided into seven layers: the gas channel, the perforated gas flow channel and the gas diffusion layer for both anode and cathode and a sandwiched membrane between both anode and cathode. Physical and electrochemical phenomena that take place inside the PEM fuel cell are represented by the following governing equations, where the analyses are based on the solution of: conservation of mass, momentum, species and charge transport. Flow characteristics in the gas channels, perforated gas flow channel and porous media are obtained by solving the following form of the steady state Navier stoke equation: [3] (1)
Where as the reactant species transport in the PEM fuel cell domain is described by the divergence of mass flux through diffusion and convection, using the following form of mass transport equation [6] : (2) Subscript 'i' denotes oxygen at the cathode and hydrogen at the anode sides, while 'j' is water vapour at both sides, 'w' is the mass fraction and 'ρ' is the gas mixture density that can be calculated by; (3) Diffusion coefficients of the reactant species 'D ij ' in non porous media are calculated by the Maxwell Stefan diffusion equation that accounts for coupling between the multi species components and the binary mass diffusion coefficients [3] (4)
In order to account for the geometric constraints of the porous media, the diffusivities are corrected using the following Bruggemann correction formula [3, 22] : (5) Water management in the PEM fuel cell is critical and plays a vital role for its better performance. In addition to the molecular diffusion and electro-osmotic drag in the electrolyte membrane, water is generated due to the oxygen reduction reaction at the cathode catalyst layer [10] . Molar flux of water content 'α' in the PEM fuel cell membrane is based on the electro-osmotic drag coefficient 'n d ', water content 'λ' and water activity 'a' and is calculated using the following relations: [22, 23] 
Membrane water diffusivity 'D w ' and water concentration 'C w ' across the membrane are calculated by [25, 26] : (8) A potential difference exists between the catalyst and the electrolyte to drive the transfer current, keeping the electrochemical reaction continuous. The current passing through the catalyst layer can be decomposed into two parts, which interact through electrochemical reactions. Current fluxes at the cathode boundary between the electrode and the membrane are calculated using the following current conservation form [27] : (9) (10) To express the relation between the local transfer current densities (j), the reactant concentrations (c i ) and the phase potentials, the following form of Butler-Volmer equation is used: (11) Where the activation over-potential 'η act ' at the cathode and anode is calculated by [27] :
During these analyses; the catalyst layer is treated as a thin boundary interface, where sink and source terms for the reactants are implemented. Local volumetric sources and sink terms associated with the electrochemical reactions are proportional to the local current density and are calculated by [3, 16] : (12) 
Numerical setup
The governing equations together with their relative boundary conditions are solved using a commercial multi-physics numerical solver 'COMSOL v 3.4'. Convergence criterion is performed on each variable and the procedure is repeated until the convergence is obtained. All these numerical analyses are carried out considering the following assumptions: a) Single Phase model as the water product is assumed to be in vapour form at operating conditions b) Isotropic and Homogenous electrodes and membranes c) Membrane impermeable for species in the gas phase d) Negligible contact resistance e) Negligible membrane swelling f)
Catalyst layer assumed as a reactive boundary layer. Boundary conditions for the numerical model are specified at all external boundaries as well as boundaries for various mass transport and scalar equations inside the computational domain of the PEM fuel cell. The following points highlight the boundary conditions used for this numerical study.
• At both anode and cathode gas flow channel inlets, velocity, temperature and species mass fractions are specified as boundary conditions, whereas at outlet of the gas flow channel atmospheric pressure and convective flux boundary conditions are specified for species and thermal transport equations.
•
No slip boundary condition is specified at the gas flow channel outer walls, which were also impervious to specious flow and thermally insulated (assumed).
• Continuous boundary is assumed between the gas flow channel and the perforated gas distributor open channels, while the solid section of the perforated gas distributor wall is used as boundary condition between the gas channel and perforated gas distributor.
• At the gas diffusion/catalyst layer interface, continuity is assumed as boundary condition. • Mass flux of the reactant species is used as boundary condition at the membrane/catalyst layer interface for both anode and cathode sides due to electrochemical reaction.
•
The solid phase potential is arbitrarily set to zero as a reference at anode, while at cathode side, cell potential is set to E cell -E rev , where E cell is the desired cell potential and E rev = 1.14 V is the reversible cell potential. Moreover the cell potential gradient is set to zero at both catalyst layer/membrane interfaces, since there exists no solid phase current in the membrane.
RESULTS & DISCUSSION
This section presents the detailed performance analyses of a PEM fuel cell having stainless steel made perforated gas distributor, using a numerical approach. These numerical analyses are carried out assuming steady state isothermal flow conditions. Operating and geometric properties used for these analyses are specified in Tables 01 to 03 . Both hydrogen and reactant air are assumed as counter flow. Numerical analyses of the velocity profile along the fuel cell domain shows that the reactant flow follows the shortest possible way from the inlet to the outlet of the fuel cell. Such flow behaviour leads to some dead zones at the corners of this type of PEM fuel cell. Figure-03 shows the velocity vectors near the inlet and the outlet sections of the fuel cell. After passing from the inlet hole, The reactant flow gets spread along the rectangular gas channel. After they spread out along the gas channels, the reactant flows pass through the holes of the perforated plate, to get distribute along the porous gas diffusion layer (GDL) of the PEM fuel cell. For perforated type gas flow channel, this distribution is strongly influenced by effective open area of the perforated plate. During this study a perforated plate with an effective open area of 55% is used, where the diameter of each perforated hole is 2.5 mm. 45% area of the perforated plate is covered that means a low mass fraction of reactant species can be found under the covered area of the perforated gas flow channel. Detailed analyses are carried out to analyse the distribution of reactant species along this new design of PEM fuel cell. Figure 04 shows the distribution of oxygen and water mass fraction along cathodes side of the PEM fuel cell at V = 0.5 Volts. Figure 04 shows a high mass fraction of oxygen near the inlet section, while a low mass fraction of oxygen is observed near out let section due to its consumption during electrochemical reaction along cathode catalyst layer. After passing through the gas diffusion layer, the reactant species reach at catalyst layer, where hydrogen and oxygen get split into their constituents and an electrochemical reaction takes place between reduced oxygen and protons at cathode catalyst layer. Figure 3 Velocity vectors, near inlet/outlet sections of the PEM fuel cell highlighting the velocity profile and dead zones at corners of the computational domain.
Anode Reaction:
(eq-1)
Cathode Reaction: (eq-2)
Overall Reaction: (eq-3)
Performance of the PEM fuel cell is strongly influenced by the distribution of reactant species along the cathode catalyst layer. High mass fraction of oxygen at cathode catalyst layer improves the electrochemical reaction that consequently enhance the over all performance. Water gets generate as by product of this electro-chemical reaction. Evaporation of this water is essential as water flooding can lead to a decreases in fuel cell performance. Numerical analyses of reactant species distribution along the cathode catalyst layer show a high mass fraction of oxygen below the open sections of the perforated plate, while a very low mass fraction of oxygen is observed below the solid sections of the perforated plate. Such distribution leads to a high water flooding below the solid sections of the perforated plate, due to the limited access of reactant air in these sections. Reactant air evaporates the excess water from the fuel cell domain. Figure 05 shows the distribution of oxygen and water mass fractions along cathode catalyst layer of the PEM fuel cell with perforated type gas distributor at V = 0.5 volts. Figure 06 shows the distribution of current density along the cathode catalyst layer at V = 0.4 and 0.5 volts.
To validate the numerical model, numerical results are compared with the experimental data at different load conditions. At this point, it should be noted that at present the polarization curve is the only experimental data that is available in the literature to compare with the numerical data. Therefore the polarization curves are commonly used by researchers to confirm the agreement between numerical and experimental models. Strict validation would require detailed data comparison from local distribution of the current densities, species concentration and distribution etc along the fuel cell domain, but such data is very difficult to obtain from the experiments, therefore the polarization curve is used here to make a comparison between the numerical and the experimental results. Figure 07 shows the performance polarization curves of this new design of PEM fuel cell at T = 60 ˚C. Results showed a good agreement at both low and intermediate current densities, but at higher current densities due to one-phase nature of the numerical model, the effect of reduced oxygen transport due to water flooding at the cathode is not accurately accounted. To validate the design concept of the perforated type gas distributor a comparison study is also carried out with a graphite based PEM fuel cell having serpentine shaped gas flow channels. For the perforated type gas flow channels; the reactant flow enters form the inlet and then freely spread out along the gas channel and consequently passes through the perforated holes. In the case of serpentine shaped gas channels, flow is not free to move around. It moves in narrow gas channels, where the side wall effects are considerable. These side wall effects do not allow the reactant flow to move smoothly form the inlet to the outlet section. The major part of the reactant species gets consumed near the inlet section. This leads to an uneven distribution of the reactant species. To overcome this issue; a high pressure flow is required in the case of serpentine shaped gas flow channels to move completely from the inlet to the outlet port. An alternative way is to increase the size of the gas channels, but this will be at additional cost to the system. Such behaviour of the reactant flow effects the distribution of the reactant species along the fuel cell domain. Results show a better distribution of reactant species along the fuel cell domain in the case of perforated type gas distributor. Figure 08 shows the oxygen mass fraction distribution along cathode side of the PEM fuel cell in both design configurations. Such distribution of reactant species effectively improves the performance of the fuel cell. Figure 09 shows the performance polarization curves for both design configurations. 
